The purpose of this study is to elucidate flame propagation behavior under the application of uniform and non-uniform electric fields by using a constant volume vessel. Two electrodes are attached to the ceiling and the bottom of the combustion chamber and electric fields are applied in the direction of the chamber's vertical axis. A Nd:YAG laser is used to apply laser-induced breakdown for igniting the mixture at the center of the combustion chamber. A homogeneous propane-air mixture is supplied at three equivalence ratios of 0.7, 1.0 and 1.5 and ignited under atmospheric pressure and room temperature. Under a uniform electric field, the premixed flame rapidly propagates both upward and downward, forming a cylindrically shaped flame front. The maximum combustion pressure decreases with increasing input voltage because the flame front reaches the chamber wall rapidly and the heat loss to electrodes increases. However, the combustion duration is little affected by the input voltage. In a non-uniform electric field, the flame propagation velocity in the downward direction increases. Combustion is markedly enhanced when the input voltage is larger than 12 kV because a brush corona discharge occurs and intense turbulence is generated at the flame front. For both uniform and non-uniform electric fields, the horizontal flame velocity is almost the same.
Introduction
A combustion flame contains electrically charged particles such as ions and/or electrons, so the application of an electric field influences flame front behavior. Many investigations have been carried out regarding the relationship between combustion and an applied electrical field.
(1)- (6) Jaggers and von Engel investigated the features of a flame under the application of a DC, AC or high-frequency electric field in a vertical tube with methane-air, ethylene-air and natural gas-air mixtures. (1) In cases where the electric field acted across the vertical tube filled with one of the mixtures, the flame propagation velocity was faster than that without an electric field. Presumably, the electrons transferred molecules and radicals from the lowest to higher vibrational states through collisions, which increased the reaction rate. Han et al. investigated the effects of a DC electric field on knocking combustion with a rapid compression machine. (2) The knocking intensity was reduced by applying a DC electric field due to an increase in the burned mass fraction. Sher et al. studied a new spark plug system using a corona wind. (3) The corona wind carried the ignited mixture away from the plug and reduced the heat loss. It was found that a positive corona wind of 1-2 m/s was obtained, and no wind was generated by a negative corona discharge.
The electrical discharging atmosphere containing high-energy electrons, such as a corona discharge, may also influence combustion phenomena. However, only a few studies (4) (5) have been done regarding the relationship between a corona discharge and combustion. Therefore, the purpose of this study was to clarify the influence of uniform and non-uniform electric fields on premixed combustion processes by using a constant volume vessel. Premixed combustion characteristics were explored by visualizing the combustion process and measuring the combustion pressure.
Laser ignition was used to ignite a propane-air mixture at the center of the combustion chamber in order to observe both flame kernel formation and initial flame propagation under the influence of an electric field. Another reason why laser ignition was selected in this study is the absence of any influence on the generation of uniform and non-uniform electric fields, whereas regular spark ignition disturbs the electric field.
Laser ignition has been investigated for use in gasoline engines in place of electrical spark ignition. There are two types of laser ignition: the one-photon process, which uses an ArF excimer laser, and laser-induced breakdown using a YAG laser. (6) In this study, laser-induced breakdown was chosen for the ignition source. In laser-induced breakdown, the laser beam is optically concentrated with a lens to increase the energy density at the focal point and multiple plasma balls are generated discretely at the focal point. Figure 1 shows the constant volume combustion chamber and the optical system used to condense the laser beam. The combustion chamber was cube-shaped with a depth, width and height of 50 mm, giving it a volume of about 125 cm 3 . Two quartz observation windows were installed on two sides of the combustion chamber for the schlieren system. For applying a uniform electric field to the combustion chamber, two plate electrodes were attached, one each to the ceiling and bottom of the chamber. For applying a non-uniform electric field, a needle-shaped electrode was attached to the center of the combustion chamber ceiling and a plate electrode was attached to the bottom of the chamber. The plate electrodes were chamfered in order to avoid the generation of corona discharges. A pressure sensor was attached to the side wall of the combustion chamber to measure the combustion pressure. A Nd:YAG laser was used to generate the laser-induced breakdown. specifications of the laser are indicated in table 1. The laser beam was optically focused with a plano-convex lens with a diameter of 25 mm and a focal length of 35 mm. The lens was attached on the side wall of the combustion chamber at the center of the chamber height. The focal point of the lens was accurately adjusted at the center of the combustion chamber in order to generate laser-induced breakdown at the chamber center. To generate a uniform or non-uniform electric field in the combustion chamber, the plate electrode attached to the bottom of the chamber was grounded and a high positive DC voltage was imposed on the plate or the needle-shaped electrode located in the ceiling of the chamber. This generated either a positive uniform or non-uniform electric field between the upper electrode and the plate electrode at the bottom. The input voltage for generating an electric field was varied from 0 to 20 kV in increments of 2 kV. Input voltage of 0 kV means conventional combustion. A propane-air mixture was used as an inflammable gas mixture at equivalence ratios of 0.7, 1.0 and 1.5. The mixture was charged in the combustion chamber at room temperature and atmospheric pressure. The mixture was ignited in a stationary state under an arbitrary input voltage. The laser light energy to ignite the mixture was a constant 110 mJ. Figure 2 shows a schematic diagram of the experimental apparatus. The flame propagation process was visualized with a conventional Z-shaped schlieren system and images were taken with a digital high-speed camera (2000 frames/s and shutter speed of 1/40000 s). The schlieren images were stored in a personal computer and analyzed with an image processing system. The combustion pressure was measured with an optical fiber pressure sensor so as to avoid electric wave interference from the high DC voltage generating circuit.
Experimental Conditions

Results and Discussion
Figures 3 and 4 show the flame propagation processes under uniform and non-uniform electric fields. Laser light for ignition was induced from the left side of the images. Figure 3 shows the influence of the input voltage for generating the uniform and non-uniform electric fields on flame propagation and the mixture with an equivalence ratio of 1.0. Figure 4 shows the influence of the equivalence ratio of the mixture on flame propagation when the input voltage for generating the electric field was 20 kV.
As shown in both figures, the mixture is accurately ignited at the center of the combustion chamber by laser-induced breakdown. In figure 3 , for an input voltage of 0 kV, i.e., conventional combustion, the shape of the flame front is almost spherical and laminar flame propagation is observed. When a uniform electric field at an input voltage of 8 kV is applied, the flame front is slightly lengthened in both the upward and downward directions. In the case of a non-uniform electric field at 8 kV, however, the flame front expands almost spherically and the flame propagation process is similar to that of conventional combustion. A non-uniform electric field at 8 kV does not influence the premixed combustion process because the discharge is still in the glow corona state. When a uniform electric field at an input voltage of 20 kV is applied, the flame is markedly lengthened vertically and propagates evenly in both the upward and downward directions, resulting in a cylindrically shaped flame front. When the flame attaches to the plate electrodes, it propagates along both of them. The results suggest that a uniform electric field influences flame propagation from a low input voltage, and the effect gradually increases as the input voltage increases. Under a non-uniform electric field at an input voltage of 20 kV, fine-scale turbulence appears at the flame front and the flame propagates noticeably in the downward direction. This is because the brush corona is generated by the high input voltage of 20 kV. Therefore, a non-uniform electric field strongly influences flame propagation when the brush corona is produced.
In figure 4 , under the application of a uniform electric field to the mixture at any equivalence ratio, the flame is vertically stretched and a cylindrically shaped flame propagates. The influence of a uniform electric field is almost unrelated to the equivalence ratio. However, for equivalence ratios of 0.7 and 1.5, the flame front is elongated compared with that seen for an equivalence ratio of 1.0. When a non-uniform electric field is applied to the mixture at any equivalence ratio, turbulence occurs at the flame front and combustion at the bottom of the flame front is clearly enhanced. For an equivalence ratio Time after ignition ms Figure 5 Combustion pressure records. of 0.7 in particular, the whole flame front moves downward. This is because the corona wind (3) is generated from the tip of the needle-shaped electrode to the grounded plate electrode by the strong brush corona. Figure 5 shows the combustion pressure records for the three equivalence ratios. The results are for the application of uniform and non-uniform electric fields at an input voltage of 20 kV and for conventional combustion. When a uniform electric field is applied to the mixture at any equivalence ratio, the combustion pressure increases rapidly in the initial stage of combustion and is higher than that measured for conventional combustion because the flame front is vertically oblong. However, the maximum combustion pressure is lower than that for conventional combustion, because heat transfer to the two plate electrodes increases when the flame front attaches to them. This phenomenon is clearly seen in for both lean and rich mixtures. When a non-uniform electric field is applied to the mixture at any equivalence ratio, the combustion pressure rises steeply and the combustion duration is shorter than that of conventional combustion. At an equivalence ratio of 1.5, the maximum combustion pressure is higher than that of conventional combustion. Figure 6 shows the ratio of combustion time and the rate of increase in combustion pressure as a function of the input voltage. The ratio of combustion time is the non-dimensional combustion duration and is defined here as the ratio of the combustion duration to that of conventional combustion at each equivalence ratio. The combustion duration is the period from the occurrence of laser-induced breakdown until the maximum combustion pressure is reached. It is assumed that the combustion pressure increases linearly with elapsed time between 10 and 90 % of the maximum combustion pressure. The rate of increase in combustion pressure is defined as the slope of the pressure curves in that range. The whole combustion period is evaluated on the basis of these two parameters.
When a uniform electric field is applied to the mixture at any equivalence ratio, the ratio of combustion time and the rate of increase in combustion pressure are not influenced by the input voltage. In the case of a non-uniform electric field, however, for all the equivalence ratios, the ratio of combustion time decreases and the rate of increase in combustion pressure increases when the input voltage is larger than 12 kV. That is attributed to a change in the discharge state from the glow corona to the brush corona around an input voltage of 12 kV.
Therefore, the whole combustion period is not influenced by a uniform electric field even though the flame front shape changes. Under the application of a non-uniform electric field, combustion is enhanced by the brush corona and corona wind. The combustion enhancement effects are clearly observed for both lean and rich mixtures. Figure 7 shows the data obtained from a flame front image for analysis of the flame propagation process by the image processing system. A binary image analysis method was used to obtain the projected area of the flame front at an arbitrary time from ignition. In the image analysis, a cross-sectional image of the combustion chamber was divided into Rightward distance from breakdown point mm 140 pixels in height and 160 pixels in width, making it possible to distinguish 0.625 mm per pixel. That enabled accurate measurement of the projected area of the flame front even if fine-scale turbulence occurred in the turbulent flame. The distances from the laser breakdown point to the flame front in each direction (upward, downward, leftward and rightward) were also measured at an arbitrary time from ignition. The analysis continued until the flame front reaches the combustion chamber wall. Figure 8 shows the projected area of the flame front ratio as a function of time after ignition. The projected area of the flame front ratio is defined here as the ratio of the projected area of the flame front to the cross-sectional area of the combustion chamber. Therefore, a projected area of the flame front ratio of 1.0 means the flame extends throughout the entire combustion chamber. In the early stage of combustion under the application of a uniform electric field to the mixture at equivalence ratios 0.7 and 1.5, the projected area of the flame front ratios increase as the input voltage increases. However, this effect is not observed for the mixture at an equivalence ratio of 1.0. It is assumed that the mixture burns quickly at an equivalence ratio of 1.0, so it is little affected by a uniform electric field.
When a non-uniform electric field is applied to the mixture at equivalence ratios of 0.7 and 1.5, the projected area of the flame front ratio markedly increases as the input voltage increases. At an equivalence ratio of 1.0, the projected area of the flame front ratio under an input voltage of 8 kV is almost equal to that of conventional combustion. However, the projected area of the flame front ratio increases at an input voltage of 20 kV. For both lean and rich mixtures, the glow corona discharge that is generated in a non-uniform electric field at an input voltage of 8 kV influences combustion; the mixture at any equivalence ratio is affected by the brush corona discharge that occurs at an input voltage of 20 kV. This is because the turbulence at the flame front enhances combustion. Such turbulence may be caused by the corona wind and the free electrons generated in the corona discharge. Figure 9 shows the distance from the breakdown point to the flame front in each direction as a function of time after ignition. The results are for the application of uniform and non-uniform electric fields at an input voltage of 20 kV and for conventional combustion at the three equivalence ratios. It is seen that the upward distance is lengthened by the application of a uniform electric field compared with that for conventional combustion immediately after ignition; however, under the application of a non-uniform electric field, the upward distance is shortened at any equivalence ratio. When a non-uniform electric field is applied, the upward distance increases significantly and the flame front begins to move upward in the latter half of the combustion process. It is observed that the downward distance under either a uniform or a non-uniform electric field is longer than that for conventional combustion at any arbitrary time. When a non-uniform electric field is applied, the flame does not move upward initially but drops down, after which combustion is enhanced in every direction. When a uniform electric field is applied, the flame is pulled both upward and downward.
Almost the same tendencies are seen in both the leftward and rightward directions. In all cases, the flame propagates leftward and rightward equally. At an equivalence ratio of 1.0, the distances seen for the uniform and non-uniform electric fields and conventional combustion are almost equal. Under the application of a non-uniform electric field to the mixture at equivalence ratios of 0.7 and 1.5, both leftward and rightward distances increase. Figure 10 shows the normalized upward, downward, leftward and rightward flame propagation velocities. The normalized flame propagation velocity is defined as the ratio of the flame propagation velocity to that of conventional combustion in each direction at each equivalence ratio. The flame propagation velocity is the average velocity until the flame attaches to the combustion chamber wall. Each flame propagation velocity is the slope of the liner approximation obtained from the relationship between the distance in each direction and arbitrary elapsed time shown in figure 9 .
The normalized upward flame propagation velocity increases as the input voltage increases except when a high-voltage non-uniform electric field is applied. When a non-uniform electric field is applied at an input voltage greater than 12 kV at any equivalence ratio, the normalized upward flame propagation velocity slightly decreases. The normalized downward flame propagation velocity always increases as the input voltage increases. This is especially noticeable when a non-uniform electric field at an input voltage greater than 12 kV is applied to either a rich or a lean mixture. The normalized downward flame propagation velocity is significantly increased by the generation of the brush corona discharge and corona wind, and the whole flame is forcibly moved in the downward direction. The normalized leftward and rightward flame propagation velocities are hardly influenced by the input voltage, regardless of whether a uniform or a non-uniform electric field is applied. However, when a non-uniform electric field is applied, both velocities slightly increase as the input voltage increases. When a uniform electric field is applied, both velocities slightly decrease, because the flame front expands vertically and the horizontal growth of the flame is restrained. Table 2 shows the flame propagation velocities in four directions at certain times for the three equivalence ratios. For the sake of comparison, results are shown for the application of uniform and non-uniform electric fields at a maximum input voltage of 20 kV and for conventional combustion. The indicated times are the moment at which the flame front attaches to the combustion chamber wall under the application of a non-uniform electric field.
For conventional combustion at each equivalence ratio, the velocities are almost equal in all four directions because the flame front propagates spherically. When a uniform electric field is applied to the mixture at any equivalence ratio, the upward flame propagation velocity is almost the same as the downward velocity, and both velocities are higher than those seen for conventional combustion. The leftward and rightward flame propagation velocities are almost the same and are lower than those for conventional combustion. This is because the electric discharge especially influences electrically charged particles at the top and bottom of the flame. When a non-uniform electric field is applied to the mixture at any equivalence ratio, the downward flame propagation velocity is greater than the upward velocity because upward flame growth is restrained, while growth in the downward direction is accelerated by the corona wind. For the mixture at an equivalence ratio of 1.5, the upward flame propagation velocity is noticeably smaller than that for conventional combustion. This phenomenon is caused by the corona wind, because the mixture burns slowly at this equivalence ratio. The same corona wind occurs at an input voltage of 20 kV. The Lewis number of the rich propane-air mixture is smaller than 1 and a spontaneous cellular flame appears. Therefore, the flame becomes unstable and the corona wind strongly influences flame growth, with the result that the upward flame propagation velocity is smaller than that of conventional combustion. Under a non-uniform electric field, the leftward and rightward flame propagation velocities are almost the same and are slightly larger than those of conventional combustion. In the case of a uniform electric field, the leftward and rightward flame propagation velocities are slightly smaller than those of conventional combustion.
Upward and downward flame propagation differs from that in the leftward and rightward directions because the flame is affected by the electric field. In our previous study (4) , the electrical potential distribution in the combustion chamber was calculated by the electric shadow method. The calculation assumed that a point electrical charge of q C existed at the tip of the needle-shaped electrode and that the bottom plate electrode was the grounded potential. The electrical potential distribution V p can be expressed by the following equation:
where q: point electrical charge ε 0 : dielectric constant of electric field h: distance between the tip of the needle-shaped electrode and the plate electrode at the bottom Figure 11 shows the spatial electrical potential distribution generated by the electrode located at the center of the combustion chamber ceiling. This distribution is for a typical non-uniform field. The electrical potential is intensified at the electrode tip and is concentrated at the central part of the chamber. The spatial electrical potential distribution produced by a non-uniform electric field strongly influences flame propagation in the vertical direction rather than in the horizontal direction because of the strong electrical potential in the central part of the chamber. The flame propagates equally in the horizontal direction, and the flame propagation velocity in the horizontal direction is almost equal to 
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Vol. 3, No. 2, 2008 265 that of conventional combustion as shown in table 2. This is because the spatial electrical potential in the horizontal direction is symmetrically distributed and is not so strong at points away from the tip of the needle-shaped electrode. Therefore, in the case of a non-uniform electric field, both the electrical potential and corona wind have the effect of enhancing combustion.
In the case of a uniform electric field, the flame front is merely deformed and the combustion duration is not so influenced by the electric field, because the electrically charged particles are drawn toward both plate electrodes on the ceiling and bottom of the combustion chamber. The burned gas volume inside the flame is equal to that of conventional combustion, and the flame is lengthened in the vertical direction, with the result that the leftward and rightward flame propagation velocities are slightly reduced compared with those of conventional combustion.
Conclusions
(1) When a uniform electric field is applied, the flame front is lengthened in the upward and downward directions, resulting in a cylindrically shaped flame front. When the flame attaches to the plate electrodes, it propagates along both of them. (2) When a non-uniform electric field is applied, turbulence is generated at the flame front as the input voltage increases, and combustion at the bottom of the flame is markedly enhanced. (3) The combustion duration is not influenced by a uniform electric field, but the combustion pressure rises steeply immediately after ignition. The brush corona discharge caused by a non-uniform electric field enhances combustion, and the enhancement effect is clearly seen for both lean and rich mixtures. (4) When a uniform electric field is applied, both the upward and downward flame propagation velocities are higher than those seen for conventional combustion. The leftward and rightward flame propagation velocities are almost the same and the horizontal growth of the flame is restrained. Accordingly, the flame front is merely deformed by the application of a uniform electric field. (5) When a non-uniform electric field is applied, the downward flame propagation velocity is greater than that in the upward direction, thereby forcibly moving the flame downward. The leftward and rightward flame propagation velocities are almost the same and are slightly larger than those of conventional combustion. This indicates that both the electrical potential and corona wind affect combustion.
